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Structural distortion behind the nematic superconductivity in Sr
x
Bi2Se3.
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aP.N. Lebedev Physics Institute, Moscow 119991, Russia and
bMoscow Institute of Physics and Technology, Dolgoprudny, Moscow region 141700, Russia
An archetypical layered topological insulator Bi2Se3 becomes superconductive upon doping with
Sr, Nb or Cu. Superconducting properties of these materials in the presence of in-plane magnetic
field demonstrate spontaneous symmetry breaking: 180◦-rotation symmetry of superconductivity
versus 120◦-rotation symmetry of the crystal. Such behavior brilliantly confirms nematic topolog-
ical superconductivity. To what extent this nematicity is due to superconducting pairing in these
materials, rather than due to crystal structure distortions? This question remained unanswered, be-
cause so far no visible deviations from the 3-fold crystal symmetry were resolved in these materials.
To address this question we grow high quality single crystals of SrxBi2Se3, perform detailed X-ray
diffraction and magnetotransport studies and reveal that the observed superconducting nematicity
direction correlates with the direction of small structural distortions in these samples( ∼ 0.02%
elongation in one crystallographic direction). Additional anisotropy comes from orientation of the
crystallite axes. 2-fold symmetry of magnetoresistance observed in the most uniform crystals well
above critical temperature demonstrates that these structural distortions are nevertheless strong
enough. Our data in combination with strong sample-to-sample variation of the superconductive
anisotropy parameter are indicative for significance of the structural factor in the apparent nematic
superconductivity in SrxBi2Se3.
PACS numbers: 72.15.Gd, 74.25.Fy, 74.62.Bf
INTRODUCTION
The most studied topological insulator material,
Bi2Se3, becomes superconductive being doped with Sr,
Nb or Cu, with Tc around 3K and Hc2 about a few
Tesla[1–19]. Nature of this superconductivity (topologi-
cal or not) is in the focus of discussion during the last few
years. On the theoretical site, strong spin-orbit interac-
tion in the parent compound may favor triplet topological
superconductivity[20], moreover this superconductivity is
expected to be insensitive to disorder[21], inherent to lay-
ered chalcogenides. A fingerprint of topological supercon-
ductivity would be Majorana fermion, showing itself up
as a zero-bias feature in I-V-characteristic. First soft-
contact measurements in superconducting CuxBi2Se3
[22] have shown a promising zero-bias peak. However,
later tunnel spectroscopy measurements[1] have clearly
shown an s-wave pairing without any in-gap states. Re-
cently this superconductivity(SC) was found to be ne-
matic, i.e. superconducting properties depend strongly
on the in-plane orientation of the magnetic field [2–9].
Critical magnetic fields, magnetization, resistivity, spe-
cific heat, and Knight shift have 180◦ in-plane rotation
symmetry, contrary to the trigonal (120◦) crystal symme-
try. An explanation for such nematicity was again sug-
gested within the topological superconductivity model
with two component order parameter[23, 24], and most
of the data brilliantly confirm this theoretical approach.
Very recently nematicity of superconducting properties
(distortion of Abrikosov vortices)in combination with the
zero bias peak at the vortex cores were directly visualized
using more thorough scanning tunneling spectroscopy[7].
Nematicity of both thermodynamic and transport
properties in these materials was found to be linked
to crystallographical directions[2–7]. Apparently, real
crystals never grow with perfect 3-fold symmetry, there
should be some structural distortion. If this distortion is
tiny, it will not affect the transport above Tc and will not
couple to superconducting Hamiltonian just driving the
orientation of the superconducting nematicity. In case
of stronger deviations from perfect R3¯m symmetry, both
superconductivty and transport properties above Tc will
inherit this asymmetry. In the limit of strong distor-
tion, the nematicity is predominantly determined by it.
In general, there is a question to what extent the ne-
maticty is intrinsic(i.e. due to superconducting pairing
mechanism) or emergent (i.e. driven by this structural
distortion).
It should be noted that studies of the structural im-
perfections require samples with the highest crystalline
quality. In a number of papers [4–6, 10, 11, 13, 14, 18]
SrxBi2Se3 crystals were prepared with an ordinary melt-
growth technique without a certain growth direction.
A few experiments used samples made by Bridgman
method [19]. In most of the present experimental pa-
pers only powder X-ray diffraction(XRD)[10, 14] and
Laue[4, 5, 7] patterns are presented. Absence of high
resolution single crystal X-ray diffraction data is an indi-
rect indicator that the crystal quality was not ultimately
optimized. Indeed, CuxBi2Se3 systematically demon-
strates rather low superconducting fraction [2, 22]. First
SrxBi2Se3 [14] and NbxBi2Se3[16] demonstrated admix-
ture of the second phases. The block structure of the
grown crystals was almost not discussed at all. Only re-
cently, XRD-data supported high enough structural qual-
ity SrxBi2Se3 [6] and NbxBi2Se3[8, 12] crystals were re-
2ported with ∼100% shielding fraction.
To achieve high crystallinity we grew SrxBi2Se3 using
a Bridgman method with post growth annealing, which
is expected to produce single crystals consisting of blocks
all aligned along the growth direction. The obtained crys-
tals were thoroughly studied with X-Ray diffraction and
magnetotransport both below and above Tc. We do find
that magnetoresistance well above Tc has the same two-
fold in-plane asymmetry as superconductivity does, in
agreement with slight triclinic distortion of the lattice
found in XRD studies. More interestingly, in samples
big enough(containing more than one block) we reveal
that the structural anisotropy is also a consequence of
the block alignment. Our results give arguments in favor
of strong coupling between structural distortion and su-
perconductivity, thus raising a question to what extent
the nature of nematicity is topological.
RESULTS
Samples
A series of SrxBi2Se3 samples with nominal Sr content
of x = 0.10, 0.15 and 0.20 were prepared using modi-
fied Bridgman method [25]. High purity elemental Bi,
Se (99.999%) and Sr (99.95%) in the desired molar ratio
were loaded in quartz ampoules inside inert atmosphere
glove box. Sealed evacuated tubes were heated at 850
◦C for 24 hours with periodic stirring followed by a slow
cooling to 620 ◦C at a rate of ∼2 ◦C per hour. The sam-
ples were then annealed at 620 ◦C for 48 hour and water
quenched. The crystals obtained by this method had
a mirrorlike surface and were readily cleaved along the
basal plane. Their structure was characterized by single
crystal XRD (Panalytical XPert Pro MRD Extended).
High-resolution XRD studies gave reproducible results,
since they were performed in air-conditioned room at
22.5±0.5 ◦C and could not be affected by temperature
drifts.
Studies of the crystals grown started with the X-ray
diffraction selection of the proper samples. SrxBi2Se3 sin-
gle crystals obtained, as our XRD-studies show, always
consisted of blocks (crystallites) with lateral dimensions
0.05−0.5 mm (evaluated from typical number of peaks at
the rocking curves). The blocks had the same structure,
slight variation of the c-axis lattice parameter and mis-
orientation smaller than 1◦ with respect to each other.
For further transport measurement and detailed struc-
tural investigations we cleaved small pieces of crystals
containing only one or a few blocks. The lateral dimen-
sions of these samples were in the range 0.6-3 mm and
thickness was in the range 50-150 µm.
All crystals, selected for transport measurements, had
a dominating block and all subsequent detailed studies
of the structural distortions (2θ/ω scanning) were per-
formed on this dominating block within the cleaved sam-
ple. Moreover, we expect that it is a dominating block
that governs transport properties.
We should note here, that (i)block structure is the
intrinsic property of these materials (see Appendix 1),
(ii)our crystals are of the highest quality(see Appendix
3), and (iii)the observation of the discovered effects be-
come possible only due this high quality and a feedback
between XRD and transport measurements.
Transport measurements
For transport studies single crystals (4-wire resistance
10-100 mOhm) were mounted on the holders and the con-
tact wires (diameter 0.02 mm) were glued with either sil-
ver or graphite paint (size of the paint drop was about 0.1
mm and resistance about 20-100Ohm per contact). We
aligned the basal plane and plane of rotation by eye with
precision ∼ 3o parallel to each other. Magnetotransport
measurements were performed with four-terminal scheme
using lock-in detection at frequencies 13-190 Hz and mea-
surement currents up to 500 uA. We have checked that
measurement current did not overheat the samples(i.e.
did not shift the SC transition temperature). We used
Cryogenics 21T/0.3K, dry CFMS 16T, and Quantum De-
sign PPMS 9T systems equipped with platforms, that al-
lowed to rotate the samples in-situ to ∼360◦. Magnetic
field sweeps were performed from positive to negative
direction and magnetoresistance was obtained by sym-
metrization of the data. For measurements of in-plane
angular dependence of magnetoresistance (AMR), simi-
larly to the previous investigators[2–6, 8, 9], we applied
constant magnetic field at fixed temperature and rotated
the sample. To ensure that the AMR patterns are not
affected by temperature drift, the temperature was sta-
bilized with better than 0.1K precision. To exclude in-
evitable admixture of the Hall effect we subtracted the
lowest harmonic A cos(ϕ)+B sin(ϕ) from the AMR. The
arguments why such subtraction is needed are summa-
rized in the Appendix 4.
None of the studied crystals demonstrated perfect uni-
formity of superconducting properties, i.e. anisotropic
magnetoresistance (AMR) depends on choice of potential
probes and usually deviated from an ideal 8-like shape.
For the single-block samples the highest uniformity is
expected. Fig. 1a shows AMR for sample Sr0.1Bi2Se3
#306-2 (1x1x0.05 mm) for two current flow directions,
indicated in panel 1c by arrows. One can see that the
nematicity is almost insensitive to the current flow direc-
tion. This observation is in-line with previous magneto-
transport studies[5] where current flow was perpendicular
to basal plane as well as with thermodynamic studies (
specific heat[3] and magnetometry[9]), and it was also
recently confirmed in Ref.[6] . Interestingly, in all our
samples, strongest SC direction (where Hc2 is maximal)
30
30
60
90
120
150
180
210
240
270
300
330
0
30
60
90
120
150
180
210
240
270
300
330
R/R0
100%
R/R0
100%
R/R0
100%
[100][100]
R/R0
100%
12
3
4
5 6 7
a b c d
A
B
C
FIG. 1: Anisotropy of superconductivity.(a) Anisotropic magnetoresistance R7456 (red line) and R1423 (black line) in small
Sr0.1Bi2Se3 #306-1 sample at T =2.3K and in-plane field B = 0.8T. (b) Same for big Sr0.1Bi2Se3 #306-2 sample at in-plane
field B = 0.4T. Inbound arrows indicate the directions A, B, and C of minima in magnetoresistance due to superconductivity
in various crystallites. Outbound arrows indicate crystallographic directions. (c) Schematics of the sample. (d) Photo of the
sample Sr0.1Bi2Se3 #306-2 with enumerated contacts.
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FIG. 2: (a-d) Anisotropy of superconductivity(red) versus
anisotropy of normal magnetoresistance(black) (R − R0)/R0
for various samples. Sample number, magnetic field, temper-
atures and the scale of the effect are indicated in the panels.
The outbound arrows indicate the in plane crystallographic
directions and the shortest (longest) arrow shows schemati-
cally the direction of lattice (compression)elongation, deter-
mined from XRD studies. (e),(f) Field dependence of the
magnetoresistance at different temperatures for directions of
maximum Hc2 and minimum Hc2 accordingly for sample 306-
2. Current flow direction corresponds to the direction of max-
imum Hc2. The temperatures are indicated in the panels.
either roughly coincides or is perpendicular to crystallo-
graphical axis in the basal plane, indicated by arrows in
Figs.1,2,4. Exactly the same alignment was observed ear-
lier in Ref.[5]. Thus, we have systematically reproduced
all previous results[4–6] of anisotropic in-plane magne-
totransport in our small samples. The superconducting
properties, including the two-fold axis direction, are sta-
ble i.e. don’t change after two months exposure at am-
bient conditions and insensitive to thermal cycling.
AMR for large single crystal #306-2 (2x3x0.05 mm),
shown in Fig.1b, suggests the presence of several SC do-
mains. Indeed, for current flow direction from contact 7
to contact 4 (red curve), AMR is similar to small sam-
ples, whereas for perpendicular current flow (from 1 to
4, black curve) besides the main SC direction (A), two
other directions emerge (B and C). In the particular case
of Sample #306-1, the angle between axes A, B and C
is 60◦. This observation clearly evidences for presence
of domains with various orientation of SC axis located
close to contacts 1, and 2. SC axis in these domains is
aligned along different crystallographical directions than
in the main domain. Thus, we show for the first time the
multidomain character of the single crystalline supercon-
ducting SrxBi2Se3 samples. We believe that different SC
domains correspond to different crystallites. Even more
dramatic example of SC multidomain structure and block
structure is discussied in Appendix 2. In-plane manifold
structure was also observed in NbxBi2Se3 with magne-
tization measurements[9]. The structure was unambigu-
ously interpreted as fingerprint of intermixing between
SC spontaneous symmetry breaking and crystalline 3-
fold symmetry. Our data pose a question whether this
pattern is simply a consequence of multidomain sample
structure.
Absence of the structural indications of the three-
fold symmetry breaking in previous works[2–6, 8, 9],
and guidance by the Curie principle that the symmetry
should be lowered[27] motivated us to perform detailed
studies of magnetoresistance above Tc. Apart from pre-
vious investigators [4–6] we (i)performed measurements
on the crystals with a dominating block (ii) extended the
range of magnetic fields to 10 Tesla in order to expand
possible assymetries and (iii) monitored tiny features of
the magnetoresistance.
4Magnetoresistance ρ(B) in these system appeared to
be non-monotonic and quite complex (See Fig. 2 e,f).
In particular, in the low magnetic field regime, a neg-
ative magnetoresistance emerges, that is non-trivial for
metallic system. This magnetoresistance is discussed in
Appendix 5. In most of our samples we managed to find
apparent 2-fold symmetries. Fig.2a shows an angular de-
pendence of the SC suppression (black curve) at T =
2.3K and magnetoresistance (red curve) of the same sam-
ple at T = 5K B = 10T. The direction of the strongest
SC for this sample coincides with the direction of maxi-
mal magnetoresistance and with one of the in-plane crys-
talline directions. For the in-plane 3-fold symmetric sys-
tem, current flow direction should generate asymmetry
in the system and if it was the only case, magnetoresis-
tance would depend on angle between current flow and
magnetic field. However, experimentally applying cur-
rent flow in perpendicular direction doesn’t rotate AMR,
but rather changes it in complex manner: A · cos(2ϕ)
component becomes suppressed. Such a change is an in-
dicator of the crystalline anisotropy, and it was observed
systematically in various samples. Moreover, as we rotate
current flow direction out of the optimal path, the first
harmonic (∝ cos(ϕ)), responsible for the Hall effect due
to deviation of the current flow from the parallel planes,
significantly increases. This fact indirectly indicates that
transport current bypasses some obstacles and flows in
z-direction.
While in some of our samples (Fig.2a,b) direction of
maximal magnetoresistance coincides with direction of
minimal Hc2, in the others they are roughly perpendic-
ular (Fig.2c,d). This is not unusual, because the obser-
vation, that in SrxBi2Se3 a certain crystallographic axis
can be either parallel or perpendicular to the nematicity
direction was already reported in Ref.[5].
Comparing the single domain (Fig.2a ) and multido-
main (Fig. 2b), pieces of the same #306 crystal, we find
that the magnitude of the magnetoresistance in the sin-
gle domain sample is larger than in the multiblock one.
It means that anisotropy in magnetoresistance above Tc
is governed by structural distortion, rather than by grain
boundaries. In multidomain sample #306-2 admixtures
of domains with different orientations (demonstrated by
Fig.1b) apparently weakens the magnetoresistance. This
fact is a strong indication that the same structural dis-
tortion governs the nematic magnetoresistance in both
SC and normal state.
The anisotropic magnetoresistance in the normal state
slowly weakens with temperature (Fig. 2e,f), and pre-
serves its 2-fold symmetry up to 200K. In other words,
the SC in-plane axis can be anticipated from AMR not
only close to Tc, as recently predicted in Ref.[28], but
also well above Tc, i.e, this effect is of structural nature.
Structural studies: triclinic distortions
In the most of previous structural studies of doped SC
Bi2Se3 [4–7, 10] either Laue or the powder diffraction was
used, that didn’t allow to resolve fine structural imper-
fections. It should be noted, that for our high-resolution
structural measurements, high crystalline quality (large
sizes of uniform blocks, absence of bending) is needed and
special precautions were taken in order to avoid system-
atic shifts of reflection maximum. Before recording each
(2θ − ω) curve the sample was (i) rotated around the ψ
axis to achieve vertical position for the diffraction plane
and (ii) shifted along the goniometer X- and Y- directions
in order to achieve illumination of the whole sample by
X-Ray. The precision of the lattice parameter measure-
ments from the (2θ/ω) curves in our case was limited by
crystal quality and was better than 0.0001 A˚(see book
[26] for reference on XRD measurement techniques). We
use reflection indices in the hexagonal lattice notations
with omitted triple index in the basal plane, which is
equal to minus sum of the first two indices. Due to non-
ideal planar geometry of the samples, the ϕ rotation axis
of the diffractometer sometimes is not exactly parallel to
the crystallographic c-axis of the studied block. So, de-
spite tri-fold and 6-fold symmetry of the (205) and (1 1
15) reflections respectively, the angular distance ∆ϕ be-
tween reflections of these families might be not an exact
integer of 120◦/60◦. Note, that due to above described
sample adjustment procedure this misalignment does not
affect high-precisson 2θ/ω angle measurements, and, as
a consequence, precise lattice constant determination.
Strong (0 0 n) symmetrical reflections, explored previ-
ously for SrxBi2Se3 by single crystal XRD in Refs.[10, 14],
are sensitive only to the lattice parameter value along
the c-axis and do not allow to study in-plane lattice
anisotropy. In order to find the lattice distortion in the
basal plane, we used intensive (2 0 5) and (1 1 15) asym-
metrical reflections, resolved in grazing diffraction geom-
etry (Fig. 3a), because the diffraction angle values for
these reflections are smaller than the inclination angles to
the basal plane (θB(2 0 5) = 26.75
◦, ψ(2 0 5)/(0 0 1) = 72.62
◦;
θB(1 1 15) = 33.27
◦, ψ(1 1 15)/(0 0 1) = 42.7
◦). ϕ-scanning
curves of the (2 0 5) reflection apparently demonstrate
three-peak 120◦ rotation symmetry of the studied crys-
talline structure. This reflection is already sensitive
mainly to lattice parameter in the basal plane.
In order to resolve the small structural distortion ef-
fects we used a detector with the triple crystal-analyzer
3×Ge(220) for high resolution (2θ − ω)-scanning curves
for each of these 3-fold (2 0 5) and 6-fold (1 1 15) peaks.
It is evident that when lattice distortions are absent, the
maxima of (2 0 5) and (1 1 15) reflections in all azimuthal
positions must be unchanged. However, as we have sys-
tematically observed in all our samples, the positions of
these peaks change upon in-plane rotation. Fig.3b shows
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FIG. 3: X-ray diffraction studies of the structural distortions in the sample #318-1. (a) Schematics of XRD measurement.
(2θ−ω)-scanning curves with triple crystal-analyzer in the grazing diffraction geometry on the 3-fold reflection (2 0 5), ψ = 72.6◦
(b); and on the 6-fold reflection (1 1 15), ψ = 42.7◦ (c) for various ϕ for Sr0.2Bi2Se3 sample #318-1. (d) In-plane one-axis
elongation structural distortion. Green points correspond to undoped Bi2Se3. Purple outer points correspond to expected
Sr-induced lattice expansion. Purple hexagon is a schematic representation of the lattice distortion corresponding to XRD
patterns from panel (b). (e) c-axis inclination structural distortion. (f) (2θ − ω)-scanning curves on the (2 0 5) reflection
(similar to panel (c)) for bare Bi2Se3 #272 sample demonstrating an order of magnitude smaller structural distortion than the
Sr-doped crystals).
an example for the most anisotropic sample Sr0.2Bi2Se3
#318-1 (anisotropy factor Hc2
max/Hc2
min = 8). Varia-
tion of the (2 0 5) reflection peak position for ϕ = 114.7◦
and ϕ = 354.3◦ is about 0.02◦ in Fig. 3b, and corre-
sponds to 0.02% lattice parameter elongation along a-
axis, as shown schematically in Fig.3d. We observed
either alongation (samples #315, #318, and #308) or
shortening (#306) of the lattice parameter along one of
axis with respect to the others. The arrows in Fig. 2a-
d indicate the directions of the crystalline axes, and the
shortest (or longest, depending on a sample) is shown
by length. In all cases the direction of the SC axis
was either parallel or perpendicular to in-plane direc-
tion of the maximal crystalline deformation, similarly to
Ref. [5].Concerning the normal state magnetoresistance,
in #306 sample (the shortest axis, Fig. 2a-b ) the two-
fold magnetoresistance below an above Tc are perpen-
dicular, while in samples #315 and #318 (the longest
axis, Figs. Fig.2c and Fig.2d, respectively) they are par-
allel. This fact indicates correlation between tensile or
compressive structural distortion and nematicity of the
electronic properties.
The same diffraction patterns as in Fig.3b might be
caused also by a small deviation of the c-axis from the
perpendicular to the basal plane(Fig.3e). In order to
evaluate the role of this second type of distortion we used
the (1 1 15) reflection that nominally has six-fold rota-
tional symmetry. Were the c-axis not inclined, the posi-
tions of (1 1 15) and (-1 -1 15) reflection maxima obtained
after 180◦ rotation around the ϕ-axis would be the same.
However, as Fig.3b shows, the positions of (1 1 15) reflec-
tion (ϕ = 145.8◦) and (-1 -1 15) reflection (ϕ = 323.5◦)
differ by 0.01◦. It corresponds to the 0.005◦ inclination of
the c-axis towards elongated a-axis. Inclinations towards
the other axes in the basal plane for the same sample are
negligible. Thus, XRD clearly signifies reduced symme-
try of the system. In all studied single crystals distortion
of both types was revealed. The parameters of the lattice
distortion δa/a have similar values in all studied crystals
(see Table I).
To demonstrate that the discussed structural features
originate from Sr intercalation, we show in Fig.3f for com-
parison 2θ/ω curves for a bare Bi2Se3, grown under the
similar growth conditions(temperatures, annealing and
quenching regimes). The positions of the centers of two
peaks coincide, the third peak slightly deviates, that cor-
respond to elongation in one direction about 0.002%, i.e.
an order of magnitude smaller than in Sr-doped crystals.
6This observation proves that the anisotropic unit cell dis-
tortion is driven by the presence of the Sr atoms.
A puzzle is a scale of Hc2-anisotropy: how can 0.02%
lattice deformation cause up to a factor of eight large
and sample dependent Hc2 ratio? First, we should note
that all XRD measurements in our paper as well as in
all previous studies were performed at room tempera-
ture. Lowering the temperature suppresses the lattice
oscillations making asymmetry more pronounced. Low
temperature XRD studies would be valuable. Another
possibility is that the discovered small modification of
the unit cell might be a consequence of stripe ordering of
Sr atoms. Observation of such superstructures by trans-
mission electron microscopy is hindered by high reactiv-
ity and mobility of the Sr under the electronic beam[18].
Absence of correlations in Sr positions, seen by STM[13]
might be simply due to a small analyzed area.
Structural studies: block structure
Besides studies of the structural imperfections within
one main block, we examined the angular distribution
of the blocks within the crystal, i.e. we studied ϕ-
dependence of the rocking curve. We have chosen 6-fold
reflection (1 1 15) to probe anisotropy with higher reso-
lution on ϕ (each 60 ◦). Fig.4a shows that rocking curve
measured at ϕ = 40◦ has smaller width than the ±60◦
neighbors of ϕ = 40◦. As broadening of rocking curve
is determined by misalignment of the blocks in the cor-
responding direction, the most realistic interpretation of
these XRD data is a block structure shown in Fig.4b and
Fig.4c. The direction of a-axis is the same for all blocks
(as the red curve is the narrowest). At the same time
there is much spread of the c-axis direction from block to
block (Fig.4c) that causes widening of the rocking curve
for ϕ = -20◦.
Interestingly, the direction of blocks reasonably coin-
cides with the direction of maximal elongation and max-
imal Hc2 in the same sample, as shown in Fig.4. The
blocks are evidently separated by some transition regions
(grain boundaries), indistinguishable by XRD. To obtain
a complete picture of the grain/boundary structure by
real-space imaging of individual blocks additional studies
by electron backscatter diffraction (EBSD)[29], scanning
X-ray nano-beam diffraction microscopy (SXRM)[30]
and transmission electron microscopy(TEM) are needed.
Another indication of grain boundaries (suggested in
Ref.[31]) is seen from the magnetotransport in perpen-
dicular magnetic field. Figure 4d shows magnetoresis-
tance and Hall resistance at 2K for sample Sr0.15Bi2Se3
#308-3. Hall mobility µHall ≈ 400 cm
2/Vs is straight-
forwardly obtained from the Hall slope to resistivity
ratio. At the same time, Shubnikov-de Haas mobil-
ity is found from the field of magnetooscillations onset
µSdH ∼ 1/Bons ≈ 1000cm
2/Vs. In single-component
TABLE I: Summary of superconducting nematicity and struc-
tural parameters, observed by us and by the other investiga-
tors.
Sample x Tc(K) RRR Hcmax/Hcmin δa/a(10
−4)
306 0.1 2.73 1.4 3 -1.93
308-1 0.15 2.75 1.5 6 8.5
315 0.2 2.70 1.7 4.5 2.65
317 0.15 2.6 1.4 4.8 2.1
318 0.2 2.55 1.5 8 2.17
[6] 0.1 2.92 ∼ 2 4.5 -
[4] 0.1 2.75 1.75 6
[4] 0.15 2.9 1.9 3
S1[5, 13] - 2.78 ∼ 1.5∗ 2.69
S2[5, 13] - 2.85 ∼ 1.5∗ ∼2.84
S3[5, 13] - 2.65 ∼ 1.5∗ 1.96
uniform system both mobilities are governed by the same
scattering processes and µSdH/µHall is less than 2[32].
µSdH/µHall ∼ 2.5 ratio, observed in our case, as well as
in Refs.[10, 15] implies that for some reason resistivity
is too high. Indeed, if grain boundaries are responsible
for this high resistivity, whereas low-disorder crystallites
provide intensive magnetooscillations starting from rela-
tively low fields, this high µSdH/µHall ratio is naturally
explained.
STATISTICS OF ANISOTROPY.
If the nematicity were an intrinsic property of the SC
condensate, then the discovered distortions would ar-
range the orientation of the nematic SC order parame-
ter. In this case one would expect the anisotropy parame-
ter(the ratio ofHc2 in the most and the less superconduc-
tive directions) to be weakly sample dependent, or cor-
related with critical temperature. In the opposite limit,
the superconductivity should have 2-fold anisotropy be-
cause it couples strongly to the crystal 2-fold anisotropic
structure.
Existence of structural anisotropy has already
been indirectly indicated by extremely high, sample-
dependent and theoretically unexpected[24] in-plane su-
perconductive anisotropy rates in SrxBi2Se3[4–6] and
NbxBi2Se3[8](in-plane Hc2
max/Hc2
min ratio ranges from
2 to 8).
In Fig. 5 we summarize the Hc(T ) data in both
strongest and weakest superconductivity directions for
all our samples and data from the other papers on
SrxBi2Se3. We observe no correlations between the
anisotropy parameter and the critical temperature.
More detailed comparison of various observed SC pa-
rameters is made in Table I. Again, no correlation is seen
between anisotropy factor, nominal Sr content, residual
resistance ratio (RRR) and structural distortion.
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FIG. 5: Summary of the available data (our work and Refs.
[4],[5], [6])in-plane Hc2 values in the highest(shown in blue)
and the lowest(shown in red) Hc2- directions in SrxBi2Se3
single crystals.
This fact indicates, that some fine structural ar-
rangement of Sr atoms is responsible for manifestation
of the nematic superconductivity. This conclusion is
in line with recently reported strong correlations be-
tween crystal growth technology and superconductive
properties[18].
DISCUSSION
Structural anisotropy, discovered by us, absolutely
does not contradict to the previous studies, even those
reflecting the absence of such anisotropy , because we
used much higher precision transport and XRD methods
(see Appendix 3).
Anisotropic splitting of the sample into blocks natu-
rally explains a complex character of the AMR above Tc:
transport current might flow either along grain bound-
aries or across them, therefore AMR depends not only
on current-to-field angle, but also on current-to-grain
boundary angle. Non-monotonicity of magnetoresistance
(Fig.2c,d) might reflect distinct conductivity mechanisms
in the grains and across the grain boundaries.
What are the reasons for the observed structural
anisotropy? Our XRD studies reveal that one of crys-
tallographical axes in the basal plane (let’s call it a-axis)
is typically co-aligned with the ampoule axis, i.e. with
the vertical temperature gradient and, correspondingly,
the growth direction. It means that among all nucle-
ated crystallites survive only those with a-axis orienta-
tion along the temperature gradient. They grow in huge
blocks with different orientations of c-axis. During the
subsequent cooldown inevitable stress occurs. In order
to relax the stress, each huge block is split into smaller
blocks with small c-axis misorientation.
Another source of stress is the internal pressure caused
by introduction of Sr atoms into Bi2Se3 matrix, similarly
to the Cu atoms[17]. Internal pressure might be crucial
for superconductivity like in FeSe[33].
Possible scenario for the anisotropic SC may arise if
the grain boundaries or some hidden defects host sur-
face states with SC properties different from that of bulk
carriers. Indeed, scanning tunneling microscopy (STM)
studies of the SrxBi2Se3 crystals with bulk Tc about 3K
revealed for the surface state in SrxBi2Se3 SC gap clos-
ing at Tc ∼ 5 K[13], thus supporting the idea of surface
SC. Interestingly, these STM studies revealed no in-plane
anisotropy of SC properties in the basal plane. Thus, su-
perconductivity along defects and grain boundaries could
be a fruitful idea for explanation of the phenomenology
of this system.
This scenario is however in contradiction with the large
SC fraction ( up to 100% in the best of our samples), de-
tected in SrxBi2Se3 also in Refs. [5, 10, 14], and with
specific heat data, straightforwardly indicating bulk su-
perconductivity both in CuxBi2Se3[3] and SrxBi2Se3[34].
It is also inconsistent with sharp (∆T ∼ 0.1K) transi-
tions from normal resistance to zero. Indeed, interfaces
8of different blocks should be spread over properties and
lead to smooth SC transition. Recent direct visualiza-
tion of regular lattice of oval-shape Abrikosov vortices in
CuxBi2Se3[7] also does not support surface-related sce-
nario.
A promising scenario is the recently suggested 2-
component order parameter with p-wave pairing, belong-
ing to D3- symmetry class[23]. In this case the role
of structural anisotropy is to favor the direction of ne-
matic TSC orientation[24]. This scenario seems to ex-
plain a bunch of experimental facts: anisotropies of spe-
cific heat[3], magnetization[9], Knight shift[2], anisotropy
survival under hydrostatic pressure [11], and proton bom-
bardment [12]. The stability of the system originates
from spin-orbit interaction [21]. However it remains un-
clear why the value and the spread of anisotropy factor in
SrxBi2Se3 is so high? Indeed, within nematic topological
theories, degree of anisotropy is governed by material-
specific parameters and structural distortions only estab-
lish the direction of the nematicity.
Our research indicates a possibility , that small 0.02%
lattice elongation and c-axis incline might be consequence
of much more anisotropic Sr atoms arrangement, causing
much stronger modification of electronic spectrum, su-
perconductivity, magnetoresistance. In case of ordinary
s-wave superconductivity, the stability of the SC with
respect to disorder is protected by the Anderson theo-
rem. We believe, however, that in materials with such
strong spin-orbit interaction, as doped bismuth chalco-
genides, the role of structural distortion is more tricky.
Indeed, in s-wave SC materials Hc2 can be limited ei-
ther by spin mechanism or by orbital one. Spin-orbit
interaction merges these mechanisms and in the presence
of structural distortion makes the Hc2 value a complex
matter.
All indications of the superconductive nematicity so
far were performed in magnetic fields. There is no zero-
field experiment (besides our room-temperature XRD
measurements), demonstrating the anisotropy of the ma-
terial, because transport search for anisotropy without
magnetic field is challenging. The resistive measurements
in the vicinity of Hc2 probe essentially vortex phase, very
sensitive to the pinning of the vortices. Apparently, crys-
tal anisotropy, preferable defect direction and preferable
grain boundary direction make the pinning anisotropic.
Crucial experiment to elucidate the role of boundaries
would be an observation of SC anisotropy (or its absence)
in µm scale and sub-µm scale samples. If superconduc-
tivity anisotropy in defect-free micro-scale samples would
be absent, the overall idea of nematic SC in SrxBi2Se3
becomes questionable.
Our results point to necessity of revision of a bunch of
data to understand whether similar structural features
correlate with anisotropy in CuxBi2Se3 and NbxBi2Se3.
In respect of pinning, vortex phase for in-plane magnetic
field configuration should be carefully examined in these
materials. Experiments on in-plane Hc1 anisotropy will
allow to completely detune from vortices.
Thus our experimental research reveals the block struc-
ture and intrinsic structural anisotropy of superconduct-
ing SrxBi2Se3. Now a question arises to what extent
these properties are inherent to the other superconduct-
ing bismuth chalcogenides and whether the TSC scenar-
ios in these materials should be revisited.
CONCLUSION.
Our results clearly demonstrate that: (i)two-fold struc-
tural anisotropy in SrxBi2Se3 was observed and shown to
be strong enough to both affect magnetotransport above
Tc and to be seen in XRD. (ii) The directions of the
anisotropic features in transport correlate with the di-
rections of the structural distortions. (iii) In addition to
revealed unit cell distortions the crystals are anisotropi-
cally split into blocks, that points to the possible role of
linear defects or grain boundaries in magnetotransport
and vortex pinning. (iv) Despite correlation between SC
and structural anisotropies, the SC anisotropy parameter
(Hmaxc2 /H
min
c2 ) is sample-specific.
All these items indicate that the nematicity in these
materials is not a consequence of the topological super-
conductivity only and the relevance of structural factor
should be taken into account.
APPENDIX 1. MULTI-BLOCK CHARACTER OF
DOPED BISMUTH CHALCOGENIDES.
We should note, that block structure of the supercon-
ducting bismuth chalcogenides is not just a property of
our samples, but is rather inherent to these materials.
Below we summarize numerous available indications:
1. Except our paper, there is only one work (Ref.
[6])where detailed XRD studies are performed in
high quality single crystals of Sr0.1Bi2Se3. The
rocking curve, shown in Fig. 7b of Ref.[6] clearly
demonstrates several domains in accord with our
observations (Fig.4b).
2. Recent direct STM observation of nematic super-
conductivity in CuxBi2Se3[7] also revealed at least
two types of superconductive domains with differ-
ent structural and superconducting properties and
one type of non-superconductive domain all coex-
isting within the same crystal.
3. In the first observations of Shruti et al[14], pow-
der XRD phase analysis in synthetised SrxBi2Se3
revealed admixture of SrBi2Se4 and BiSe phases.
Similarly, admixtures of different fractions are seen
in NbxBi2Se3 [16].
94. In Ref.[5] anisotropic sample-specific magnetoresis-
tance deviates from 8-like shape, in agreement with
our observations and multy-domain explanation.
Magnetization in Ref.[9] has also several features,
explainable within multy-domain picture.
5. Normally the superconducting fraction in doped
bismuth chalcogenides is not high[16], espe-
cially if the growth conditions are not properly
adjusted[18].
APPENDIX 2. EXTREMAL MULTIBLOCK
SAMPLE 318-3.
Fig. 6 shows the most spectacular magnetoresistance
pattern for large multiblock sample Sr0.2Bi2Se3 #318-3
as an example of multidomain superconducting structure.
In this figure one can see all complexity of the possible
mutual orientations of the blocks: (i) domains with al-
most perpendicular orientations (e.g. dip at 280◦ and dip
at 180◦) and (ii) domains rotated by 60◦ (e.g. dip at 40◦
and dip at 100◦). Panels (a) and (b) compare magnetor-
sistance patterns for two current directions (schematics
of the current flow is given in the panel (c)). One can
see that in panels (a) and (b) angular positions of super-
conducting dips are the same, but their amplitudes are
different. This is natural, because the amplitude of these
dips depends on path of the current, i.e. contributions of
particular domains.
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Interestingly, the crystalline quality of this multido-
main sample is rather high: it consists of crystallites
with almost the same orientation, i.e. the rocking curves
(shown in Fig. 6d) are rather narrow, below 0.6◦. Re-
markably, the same rocking curves at (0 0 15) reflection
clearly demonstrate the anisotropy in crystallite orienta-
tion, in agreement with Fig.4c: for orientation ϕ = 0◦
the width is 0.6◦(red curve), while for perpendicular di-
rection this width is 0.13◦(black curve). Since different
blocks have different superconducting nematicity direc-
tions, our XRD data indicate that superconducting ne-
maticity direction is given not by orientation of parent
crystalline axis but rather by some fine ordering of Sr
atoms, that differs from block to block.
APPENDIX 3. COMPARISON TO REF.[6].
A rather similar recent research[6] (high quality sin-
gle crystal, single crystal XRD and anisotropic magneto-
transport measurements) reported no visible structural
distortions and no magnetotransport anisotropy above
Tc in SrxBi2Se3, contrary to our results. We argue, that
while the crystalline quality in Ref[6] and our work is
comparable , the XRD and transport measurement of
Smylie et al, did not resolve fine effects, reported by us.
In Ref.[6] (see Fig. 7b )the measured full width at half
maximum of the rocking curve is about 0.5◦, whereas
in our the highest quality samples this value drops to
0.15◦, as shown in Fig.4. I.e the crystalline quality of our
samples is at least not worse. Moreover, our results are
confirmed on a number of single crystals with various Sr
content.
Concerning the single crystal XRD studies, the re-
search of Ref.[6] in detail shows the absence of the im-
proper peaks in diffraction patterns. We carefully re-
produced their measurements and, of course, obtained
exactly the same: absence of (hkl) reflections with
2h + k + l 6= 3n, where n is integer. This condition is
however necessary, rather than sufficient for R3m crys-
tallographic symmetry. Indeed, new peaks in diffraction
pattern do not appear in response to slight structural
distortion. On the contrary, they may arise, e.g. in thin
films of Bi chalcogenides due to formation of twins[35]. In
fact, the quality of our crystals and those in Ref.[6] is so
high, that there are no twins and only slight misorienta-
tion of blocks within the width of the rocking curve (less
than 1◦). Therefore in order to reveal unit cell distortion
and to identify symmetry breaking, one should analyze
120◦ and 240◦ ϕ-rotated asymmetrical reflections, as we
have shown in the body of the paper.
Two-fold anisotropy of AMR in the normal state was
not observed in Ref. [6]. It is rather expected, as all
measurements were performed in a quite low (less than 1
T) magnetic field. AMR in the normal state, discovered
in our paper is negligible in that small fields. Fig. 2 of
our manuscript shows ∼ 1% anisotropy in magnetic field
∼ 10 T.
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APPENDIX 4. SYMMETRY OF THE AMR.
In order to highlight the two-fold magnetoresistance
symmetry (quite small effect above Tc), we subtracted
the first harmonic A cosϕ+B sinϕ from the AMR data.
Figure 7 shows the representative raw data and the data
after subtraction. We did not found any correlation be-
tween the value and the direction of the first harmonic
and the higher harmonics. We believe therefore that the
first harmonic comes from random admixture of the Hall
effect to magnetoresistance. Indeed, the shape of the
sample differs from the Hall bar and Hall component in-
evitably contributes to a voltage drop across the poten-
tial probes. There are two reasons for such admixture:
(i) unavoidable small sample inclination (up to 3◦) with
respect to the plane of magnetic field vector rotation. (ii)
macroscopic sizes of the contacts, painted on the sides of
the sample, that leads to partial current flow along c-
axis. Mechanism (i) allows to make an upper estimate of
the first harmonic. In 10 T (typical field for our AMR
measurements) and for 3◦ inclination, the perpendicular
component is about 0.5T. From Fig.4d, assuming the lat-
eral geometrical factor to be ∼1, we get the amplitude
of the Hall effect to be about 2% of ρxx. The experi-
mentally observed first harmonic value in all cases was
comparable or smaller.
To be fair, R3¯m crystalline symmetry does not prohibit
the first harmonic term in magnetoresistance, because
magnetic field is an axial vector. However, charge carri-
ers are located close to the Γ point of the Brilluin zone
and have rather isotropic in-plane properties. Therefore,
there is no clear mechanism to cause such asymmetry in
magnetoresistance. A search for such mechanisms (both
theoretical and experimental) is a challenging forthcom-
ing task.
Perpendicular ∼ 0.5T component of magnetic field
might serve as an additional mechanism to cause sec-
ond harmonic A cos 2ϕ + B sin 2ϕ. We believe, however
that this mechanism is irrelevant for the following rea-
sons: (i) in all our samples, magnetoresistance even in
perpendicular field ∼10 T is rather weak, less than few
% (< 0.5% for sample 308,see Fig.4a, see also examples in
Ref.[10]). In 0.5 T field, the magnetoresistance is 40 times
smaller, assuming that it is parabolic-in-B. (ii) we sys-
tematically detect correlation between superconductivity
direction and normal-state AMR direction. This correla-
tion would be absent if randomly oriented perpendicular
magnetic field admixture would be the case.
APPENDIX 5. ON THE NEGATIVE
MAGNETORESISTANCE.
In Figs. 2e,f negative magnetoresistance (NMR) of the
studied crystals in the parallel magnetic field weakly de-
pends on temperature. Signatures of the negative mag-
netoresistance were also seen in Ref.[4] (Fig.3 blue curve
and Supplementary materials, Fig. S7, panel a, black
curve) and Ref.[5] (Fig. 3 a,b,d,e where negative MR
can be restored from the R(T ) data in various magnetic
fields). The values and field scales of NMR are sample-
specific, that points to the non-universal nature of the
effect.
The mechanism of negative magnetoresistance is puz-
zling, and, we believe, may incorporate the following
ingredients: (i)quasi-two dimensional character of the
in-plane transport and spectrum (discovered by Lahoud
et al in CuxBi2Se3[36] and indirectly seen in SrxBi2Se3
from angular dependence of magnetooscillations[10]); (ii)
strong spin-orbit interaction, intrinsic to bismuth chalco-
genides; (iii) presence of grain boundaries in the sample.
More exotic NMR mechanisms, like memory effects[37]
or Berry-phase induced magnetoresistance[38] could also
be examined. We believe, however that increase of grain
boundary transparency with magnetic field seems to be
the most realistic and easily checkable candidate. Indeed,
absence of NMR in the micro-size single-domain crystals
would be a straightforward experiment to establish the
role of grain boundaries. Such experiment is however yet
to be done.
ACKNOWLEDGMENTS
The work is supported by Russian Science Foundation
(Grant N 17-12-01544). The facilities of the LPI are used.
The authors thank A.L. Rakhmanov, R.S. Akzyanov,
A.V. Sadakov, and Liang Fu for discussions.
[1] N. Levy, T. Zhang, J. Ha, F. Sharifi, A. A. Talin, Y.
Kuk, J. A. Stroscio Experimental Evidence for s-Wave
Pairing Symmetry in Superconducting CuxBi2Se3 Single
Crystals Using a Scanning Tunneling Microscope, Phys.
Rev. Lett. 110, 117001 (2013).
[2] K. Matano, M. Kriener, K. Segawa, Y. Ando, G. Zheng.
Spin-rotation symmetry breaking in the superconducting
state of CuxBi2Se3, Nature Phys. 12 ,852-854 (2016).
[3] S. Yonezawa, K. Tajiri, S. Nakata, Y. Nagai, Z. Wang,
K. Segawa, Y. Ando and Y. Maeno, Thermodynamic ev-
idence for nematic superconductivity in CuxBi2Se3, Na-
ture Physics 13, 123(2017).
[4] Y. Pan, A.M. Nikitin, G.K. Araizi, Y.K. Huang, Y.
Matsushita, T. Naka, A. de Visser, Rotational symme-
try breaking in the topological superconductor SrxBi2Se3
probed by upper-critical field experiments, Sci. Rep., 6 ,
28632, (2016).
[5] G. Du, Y. Li, J. Schneeloch, R. D. Zhong, G. Gu,
H. Yang, H. Lin, and H.-H. Wen, Superconductivity
with two-fold symmetry in topological superconductor
SrxBi2Se3, Sci. China Phys., Mech. & Astr., 60 , 037411
(2017).
11
0
60120
180
240 300
0
60120
180
240 300
0
60120
180
240 300
R/R 
1.2%
T=5K
B=10T
R/R 
5.5%
R/R 
2.6%
R/R 
3.6%
R/R 
2%
T=5K
B=8T
[100]
[100]
c
R/R 
4%
T=5K
B=15T
ba
315 306-2 317
[100]
FIG. 7: AMR for three representative samples above Tc before (black curves) and after (red curves) subtraction of the first
harmonic (panels a-c). Sample number, temperature, magnetic field and scale of the effect are indicated in the panels.
[6] M. P. Smylie, K. Willa, H. Claus, A. E. Koshelev, K.
W. Song, W.-K. Kwok, Z. Islam, G. D. Gu, J. A.
Schneeloch, R. D. Zhong, U. Welp, Superconducting and
normal-state anisotropy of the doped topological insula-
tor Sr0.1Bi2Se3, Scientific Reports, 8, 7666 (2018).
[7] R. Tao, Y.-J. Yan, X. Liu, Z.-W. Wang, Y. Ando, T.
Zhang, D.-L. Feng, Direct visualization of the nematic
superconductivity in CuxBi2Se3, arXiv:1804.09122
[8] J. Shen,W.-Y. He, N.F.Q. Yuan, Z. Huang, C.-W. Cho,
S. H. Lee, Y. S. Hor, K. T. Law, R. Lortz; Nematic topo-
logical superconducting phase in Nb-doped Bi2Se3. npj
Quant. Mat. ,2, 59 (2017).
[9] T. Asaba, B. J. Lawson, C. Tinsman, L. Chen, P. Corbae,
G. Li, Y. Qiu, Y. S. Hor, L. Fu, L. Li Rotational Sym-
metry Breaking in a Trigonal Superconductor Nb-doped
Bi2Se3, Phys. Rev. X 7, 011009 (2017).
[10] Z. Liu, X. Yao, J. Shao, M. Zuo, L. Pi, S. Tan, C. Zhang,
Y. Zhang, Superconductivity with Topological Surface
State in SrxBi2Se3, Jour. Amer. Chem. Soc., 137, 10512,
(2015).
[11] A. M. Nikitin, Y. Pan, Y. K. Huang, T. Naka, and A. de
Visser, High-pressure study of the basal-plane anisotropy
of the upper critical field of the topological superconduc-
tor SrxBi2Se3, Phys. Rev. B 94, 144516 (2016).
[12] M.P. Smylie, K. Willa, H. Claus, A. Snezhko, I. Mar-
tin, W.-K. Kwok, Y. Qiu, Y.S. Hor, E. Bokari, P. Ni-
raula, A. Kayani, V. Mishra, U. Welp, Robust odd-
parity superconductivity in the doped topological insula-
tor NbxBi2Se3, Phys. Rev. B 96, 115145, (2017).
[13] G. Du, J. Shao, X. Yang, Z. Du, D. Fang, C. Zhang, J.
Wang, K. Ran, J. Wen, H. Yang, Y. Zhang, H. H. Wen,
Drive the Dirac Electrons into Cooper Pairs in SrxBi2Se3,
Nat. Comm., 8, 14466 (2017).
[14] Shruti,V. K. Maurya, P. Neha, P. Srivastava, and S. Pat-
naik; Superconductivity by Sr intercalation in the layered
topological insulator Bi2Se3, Phys. Rev. B 92, 020506(R)
(2015).
[15] H. Huang, J. Gu, M. Tan, Q. Wang, P. Ji, X. Hu, Degra-
dation of topological surface state by nonmagnetic S dop-
ing in SrxBi2Se3, Sci. Rep. 7, 45565 (2017).
[16] K. Kobayashi, T. Ueno, H. Fujiwara, T. Yokoya, J. Akim-
itsu, Unusual upper critical field behavior in Nb-doped
bismuth selenides, Phys. Rev. B 95, 180503(R) (2017).
[17] A. Ribak, K.B. Chashka, E. Lahoud, M. Naamneh, S.
Rinott, Y. Ein-Eli, N. C. Plumb, M. Shi, E. Rienks,
A. Kanigel, Internal pressure in superconducting Cu-
intercalated Bi2Se3, Phys. Rev. B 93, 064505 (2016).
[18] Z. Li, M. Wang, D. Zhang, N. Feng, W. Jiang, C. Han,
W. Chen, M. Ye, C. Gao, J. Jia, J. Li, S. Qiao, D. Qian,
B. Xu, H. Tian, B. Gao; Possible structural origin of su-
perconductivity in Sr-doped Bi2Se3, Phys. Rev. Materials
2, 014201(2018).
[19] M. Neupane, Y. Ishida, R. Sankar, J.-X. Zhu, D. S.
Sanchez et al. Electronic structure and relaxation dynam-
ics in a superconducting topological material. Scientific
Reports 6, 22557 (2016).
[20] L. Fu, E. Berg, Odd-Parity Topological Superconductors:
Theory and Application to CuxBi2Se3, Phys. Rev. Lett.
105, 097001 (2010).
[21] K. Michaeli, L. Fu, Spin-orbit locking as a protec-
tion mechanism of the odd-parity superconducting state
against disorder, Phy. Rev. Lett., 109, 187003, (2012).
[22] S. Sasaki, M. Kriener, K. Segawa, K. Yada, Y. Tanaka,
M. Sato, Y. Ando, Topological Superconductivity in
CuxBi2Se3, Phys. Rev. Lett. 107, 217001 (2011).
[23] J.W.F. Venderbos, V. Kozii, L. Fu, Identification
of nematic superconductivity from the upper critical
field,Phys. Rev. B 94, 180504(R) (2016).
[24] Liang Fu, Odd-parity topological superconductor with
nematic order: application to CuxBi2Se3, Phys. Rev. B
90, 100509(R) (2014).
[25] Yu. A. Aleshchenko, A. V. Muratov, V. V. Pavlova, Yu.
G. Selivanov, E. G. Chizhevskii, Infrared spectroscopy of
Bi2Te2Se, JETP Letters 99, 187 (2014).
[26] Crystal Technology, W.L. Bond , John Wiles & Sons,
(1976).
[27] E. Castellani, J. Ismael, Which Curies Principle?, Phi-
losophy of Science, 83, pp. 10021013, (2016).
[28] M. Hecker, J. Schmalian, Vestigial nematic order and
superconductivity in the doped topological insulator
CuxBi2Se3, npj Quantum Materials 3, 26 (2018).
[29] A. Schwartz, M. Kumar, B. Adams, D. Field, Editors.
Electron Backscatter Diffraction in Materials Science,
2nd ed. New York: Springer (2009).
[30] J. Stangl, C. Mocuta, A. Diaz, T.H. Metzger, G.
Bauer. X-Ray Diffraction as a Local Probe Tool,
ChemPhysChem, 10, 2923 (2009).
[31] A.Yu. Kuntsevich, A.V. Shupletsov,G. M. Minkov, Sim-
12
ple mechanisms that impede the Berry phase identifica-
tion from magneto-oscillations, Phys. Rev. B 97, 195431
(2018)
[32] S. Das Sarma, F. Stern; Single-particle relaxation time
versus scattering time in an impure electron gas, Phys.
Rev. B 32, 8442, (1985).
[33] J. P. Sun, K. Matsuura, G. Z. Ye, Y. Mizukami, M. Shi-
mozawa, K. Matsubayashi, M. Yamashita, T. Watashige,
S. Kasahara, Y. Matsuda, J. -Q. Yan, B. C. Sales, Y.
Uwatoko, J.-G. Cheng, T. Shibauchi,Dome-shaped mag-
netic order competing with high-temperature supercon-
ductivity at high pressures in FeSe, Nature Communica-
tions 7, 12146 (2016).
[34] K. Willa, R. Willa, K.W. Song, G.D. Gu, J.A. Schnee-
loch, R. Zhong, A.E. Koshelev, W.-K. Kwok, U. Welp,
Nanocalorimetric Evidence for Nematic Superconduc-
tivity in the Doped Topological Insulator Sr0.1Bi2Se3,
arXiv:1807.11136
[35] N. V. Tarakina, S. Schreyeck, M. Luysberg, S. Grauer, C.
Schumacher, G. Karczewski, K. Brunner, C. Gould, H.
Buhmann, R. E. Dunin-Borkowski, L. W. Molenkamp,
Suppressing Twin Formation in Bi2Se3 Thin Films, Adv.
Mater. Interfaces 1,1400134 (2014)
[36] E. Lahoud, E. Maniv, M.S. Petrushevsky, M. Naamneh,
A. Ribak, S. Wiedmann, L. Petaccia, Z. Salman, K. B.
Chashka, Y. Dagan, A. Kanigel; Evolution of the Fermi
surface of a doped topological insulator with carrier con-
centration, Phys. Rev. B 88, 195107 (2013).
[37] A. Dmitriev, M. Dyakonov, R. Jullien, Anomalous Low-
Field Classical Magnetoresistance in Two Dimensions,
Phys. Rev. Lett. 89, 266804 (2002).
[38] X. Dai, Z.Z. Du, H.-Z. Lu, Negative Magnetoresistance
without Chiral Anomaly in Topological Insulators, Phys.
Rev. Lett. 119, 166601 (2017).
